Article Info Received : 28.01.2016 Accepted : 01.04.2016 This study was conducted to estimate soil erosion and deposition rates along a transect using 137 Cs technique in an arid of Isfahan Province, central Iran. Sixteen sites along a northeast-southwest transect with 42 km length were used. Eighty soil samples collected from five depths (0-5, 5-10, 10-20, 20-30, 30-50 cm) were analyzed for 137 Cs concentration. Additional 20 soil samples were collected from the reference site for computing soil loss and deposition using 137 Cs measurement. The results showed that the northern part of the transect showed erosion rates ranging from12.90 to 46.86 t ha -1 yr -1 . The major factor affecting soil erosion process in northern part of the studied transect is associated dominantly with occurrence of improper gypsum mining operations and human activities. In the southern part of the transect deposition rates changed between 3.10 -7.44 t ha -1 yr -1 , presumably influenced by increasing plant cover. Significant correlations between 137 Cs and magnetic susceptibility, soil organic matter (SOM), total nitrogen (TN) and particle size distributions indicated that soil redistribution by wind erosion might have modified the soil properties along the studied transect. A multiple linear regression model was developed for estimating 137 Cs by frequency dependence (χfd), TN, clay and sand contents which explained about 87% of the 137 Cs variability. This study of using 137 Cs to assess wind erosion is unique in the arid region of central Iran and had significant implications for further research.
Introduction
Wind erosion is one of the most basic processes of land degradation and environmental concerns in the arid and semi-arid regions (Hennessy et al., 1986; Okin et al., 2001) . Moreover, wind erosion is identified as one of the most serious environmental and agricultural threats in many arid regions of the world (Gomes et al., 2003; Zhao et al., 2006) . Soil erosion leads to desertification and air pollution. Wind erosion like water erosion leads to coarsening soil texture by the loss of fine textured materials, decreasing of soil organic matter and degeneration of vegetation (Zhang et al., 2007) . Arid and semiarid environment is the main climatic conditions in the central Iran, as well as 80 million km 2 of Iran (> 50%) is affected by wind erosion. During the last decades the area affected by wind erosion and desertification processes has increased as a result of human activity, climate change and recent drought (Karimzadeh, 2001) . Thus, it is crucial to control wind erosion in the arid regions of Iran as the most serious environmental problem. In this regard, the information on the rate of soil erosion is needed for developing management practices and for making strategic decisions. Since 1930s the studies on wind erosion have been conducted to make estimates of soil loss by wind erosion. Many erosion models have been used to predict soil erosion by wind (Woodruff and Siddoway, 1965; Skidmore and Powers , 1982, Shao et al., 1996; Hagen, 1991) . But, most of the developed models require a large empirical components and it has not been possible to extend them beyond the area for which they were developed. In recent years, 137 Cs technique has been used to estimate the rates of soil erosion by wind Yan and Shi, 2004; Li et al., 2005; Zhao et al., 2006) . 137 Cs is an artificial radionuclide with a high gamma radiation and half-life of 30.2 years, which is released into the environment as a result of nuclear weapons tests primarily during the 1950-1970. 137 Cs fallout reaches the earth's surface mostly as a result of precipitation and is strongly and is rapidly adsorbed by fine soil colloidal particles such as clay minerals and organic matter in the topsoil. Chemical or biological removal of 137 Cs from soil particles is limited and it is assumed that only physical processes that result in moving soil particles such as soil erosion and tillage particle are involved in the 137 Cs transport (Afshar et al., 2010; Rahimi et al., 2013) . Zhang et al. (2007) used 137 Cs tracer in tunnel to test the erodibility of soils in Tibet. They reported that alpine meadows have the highest resistance to wind erosion and the undamaged alpine meadow soils generally sustain only weak or no wind erosion. by analyzing the pattern of 137 Cs inventory showed that the shrub coppice dunes and semi-fixed dune fields experienced the alteration of erosion and deposition. Although, a few studies (Afshar et al., 2010; Rahimi et al., 2013; Ayoubi et al., 2012) have been conducted in the semiarid regions of western Iran for the estimation of water erosion rate by 137 Cs technique, but so far no investigation has been reported in the arid region of Iran using 137 CS for the prediction of wind erosion till now. Therefore, as the first report, this study was performed to i) estimate soil redistribution by wind using 137 Cs as a tracer and (ii) explore the relationships among physicochemical and magnetic susceptibility properties with 137 Cs as an indicator of soil redistribution, along northeast -southwest transect across the Segzi district, east of Isfahan, central Iran.
Material and Methods

Study area
The study area is located between 32° 34' 8'' to 32° 50' 37'' N latitudes and 51° 58' 43'' to 52° 3' 4'' E longitude, 2120 m a.s.l in Segzi district, Isfahan province, central Iran (Figure 1 ). Mean annual precipitation is 106 mm, mean annual potential evaporation is 2201.5 mm, and the mean annual temperature is 15.2 °C. Segzi district has a desert climate and wind speed of 60 km hr -1 . The area predominantly included two major geomorphic surfaces of pediments and play as according to Krinsley (1970) . 
Soil sampling
Sixteen sites with 2.5 km apart in a northeast to southwest transect across the Segzi district (42 km in length) were selected ( Figure 1 ). In each site, soil samples were taken from five depths: 0-5, 5-10, 10-20, 20-30 and 30-50 cm at the year of 2012 (total of 80 soil samples). A reference site covered by desert varnish indicating surface stability for long period of time, was selected in nearby transect. Two cores from the reference site were drilled and 20 soil samples were collected from 0 to 50 cm depth with an increment of 5 cm to evaluate the Cs-inventory and physicochemical analysis.
Laboratory analysis and 137 Cs measurements
Air-dried soil samples thoroughly sieved with a 2-mm sieve. Samples each of 500 g were placed in Marinelli beakers and sealed for 137 Cs analyses. The 137 Cs activity was measured at Department of Physics, University of Isfahan (Iran), from the net area under the full-energy peak at 662 KeV (ISO 11929-1, 2000) , using gamma spectroscopy with a high-resolution germanium detector. (Walling et al., 2002) .
Soil bulk density was determined using the core method (Blake and Hartge, 1986) . Calcium carbonate equivalent (CCE) was measured by Bernard's calcimeter method (Black et al., 1965) . Soil particle size distribution was obtained by the Bouyoucos hydrometer method (Gee and Bauder, 1986) . Soil pH was measured in saturated paste using pH electrode (Soil Survey Division Staff, 1993) and electrical conductivity (EC) in the extract using conductivity meter (Rhoades, 1982) . Soil organic matter (SOM) was determined using a wet combustion method (Nelson and Sommers, 1982) and total nitrogen (TN) by the Kjeldahl digestion method (Bremner and Mulvaney, 1982) . Gravel content was measured volumetrically after sieving by a 2 mm sieve. CaSO4 was determined by heating at 110 °C method (Porta, 1998) .
Magnetic susceptibility was measured at low (0.46 kHz) and high frequency (4.6 kHz) using a Bartington MS2 dual frequency sensor. The χ value is relative to the concentration of the ferrimagnetic minerals (magnetite and maghemite) in the sample and is also sensitive to the magnetic grain size (Dearing, 1999) . The percentage of frequency dependence (χfd %) was determined by the following equation:
where, χlf and χhf are magnetic susceptibility at low and high frequencies respectively.
Computational methods
Soil particle redistribution rate at any sampling site could be assessed by establishing a quantitative relationship between the rate of deposition or erosion and the changes of 137 Cs inventory compared with the baseline. In this paper, a simple but empirical linear model was employed to assess soil erosion rates following the approach of Ritchie and McHenry (1990) and Walling and Quine (1993) :
where E is the net wind erosion rate of the sample site (t ha -1 y -1 ), CPR is the loss of 137 Cs (%)(Eq. 3), BD refers to the bulk density of sampled soil (t m -3 ), T is the time period between the year of maximum 137 Cs fallout (1963) and the sampling year (2012); in this study, T= 49 year. The sampling increment, Di, was previously used as the plough depth for farmland (Ritchie and McHenry, 1990) . But, for the uncultivated soils in the studied area, according to the depth distribution of 137 Cs activity (Figure 3) , Di was considered to be 0.2 m. In the Eq. 3, CPR is 137 Cs percentage residual at a sampling site in the field relative to the native control area (%), CPI is 137 Cs inventory (Bq m -2 ) in the studied site, CRI represents 137 Cs reference inventory (Bq m -2 ).
Data analysis
Descriptive statistics including mean, minimum, maximum, coefficient of variation (CV), standard deviation (SD), and skewness were calculated using Statistical Package for the Social Sciences (SPSS), v.16. The distribution of variables was assessed using the Kolmogorov-Smirnov test (Massey, 1951) . The correlations among the variables as well as of 137 Cs and magnetic measures with physicochemical properties were examined using the SPSS software (Swan and Sandilands, 1995) . A stepwise regression procedure was employed by regressing magnetic susceptibility on the 137 Cs inventory and soil physico-chemical properties.
Selection of the factors for inclusion in the model was based on the probability <0.05 (Freund and Littell, 2000) .
Results and Discussion
Descriptive statistics 137 Cs activity and wind erosion assessment 137 Cs reference inventory refers to the amount of 137Cs accumulated at the study site from atmospheric 137 Cs fallout without any effects of wind erosion and deposition processes and human disturbance (Walling and Quine, 1993) . The 137 Cs inventory of the two reference cores collected from the reference site had mean value of 1143.75 Bq m -2 (Figure 2 ). The mean value obtained in the present study is lower than those reported by Afshar et al. (2010) , Ayoubi et al. (2012) and Rahimi et al. (2013) in some semiarid regions of Iran. The lower Cs-137 inventory at the studied site compared to the western Iran ascribes to lower precipitation in the arid region. Overall fall out of 137 Cs in a specific site is influenced significantly by the precipitation and rainfall (Palsson et al., 2002) . In the arid selected area, annual precipitation is approx. 110 mm per year, whereas in the semiarid regions in western Iran precipitation exceeds 600 mm yr -1 . The mean values of 137 Cs inventory and % loss of 137 Cs at the studied sites as compared to the mean value of 137 Cs inventory at the reference site are given in (Figure 2 ) (Walling and Quine, 1990; Afshar et al., 2010) . While in the disturbed soils, the 137 Cs activity profiles exhibited deviation to varying degrees ( Figure 3 ). This confirmed that the 137 Cs inventory at different sites have been affected by erosion or/and deposition processes and human disturbances.
Through sites X1 to X8, in the northern side of transect, the 137 Cs in the 0-10 cm declined compared as the reference site, indicating the dominance of soil erosion processes. The wind soil erosion rate in this part of the transect varied from 12.90 to 46.98 t ha -1 yr -1 (Table 2) . Ping et al (2000) assessed the average wind erosion rate in the Qinghai Tibetan Plateau using 137 Cs techniques to be 47.59 t ha -1 yr -1 . Yan and Shi (2004) calculated wind erosion rates using 137 Cs technique of 24.91 t ha -1 yr -1 in Gonghe basin, Qinghe province, China. Table 2 . Rates of 137 Cs loss and the estimated corresponding wind erosion rate at the sampling sites along the northeast -southwest transect across Segzi.
It seems that high rate of soil erosion by wind in this part is ascribed mainly to improper management in gypsum mining around the sites X1-X4 by local inhabitants. Karimzadeh (2001) also in a preliminary study in determining significant factors affecting wind erosion in east of Isfahan stated that disposal of mine tailing was the most important environmental issue of desertification in this region. The plant's absence and little green cover also accelerated detachment process of fine materials (Hupy, 2004 Enhancement of cesium-137 inventory was observed in the sites X9, X10 and X11 which showed 13.65, 5.79 and 14.74% increasing compared to the reference site. The average soil deposition in these sites was 7.21, 3.1, and 7.64 t ha -1 yr -1 (Table 2) . A typical vertical distribution of cesium inventory for site 11 is illustrated in Fig. 3b . As it is seen in the profile, the lower layers (20-50 cm depth) showed a uniform distribution, but the upper layer showed non-normal (biased) distribution, indicating that deposition of enriched 137 Cs materials. Overall, this distribution pattern is very similar to the pattern other workers have reported for the deposition sites . Deposition processes in these sites might be attributed to increasing plant cover which trapped the soil particles transported from other sites. Sites X12 to X16 showed a different pattern to the previously discussed sites. These sites indicated net erosion rates ranged from 17.93 to 37.71 t ha -1 yr -1 . As seen (Figure 3c ) in the 5-10 cm depth, these profiles have experienced complex deposition and erosion processes and thus they show non-normal distribution of 137 Cs with depth. Similar results by wind erosion were reported by Ping et al. (2000) in Qinghai-Tibet plateau, China. 
Interrelations among soil properties and 137 Cs inventory
The linear correlation coefficients of Cs-137 inventory with the selected soil physico-chemical and magnetic parameters in all studied soil samples are given in Table 3 . The results showed significant positive correlations of clay content (r = 0.63**), silt content )r = 0.50*), SOM (r = 0.63**), TN ) 0.83**) and EC (r = 0.62**) with 137 Cs inventory. Positive correlation of soil fine particles and organic matter with 137 Cs indicated that 137 Cs has been adsorbed and stabilized by clay and organic colloids. Staunton and Roubaud (1997) found a high covalent interaction between Cs and the clay surface. There were significant negative correlations of sand content ) r= -0.55*), pH ) r= -0.70**), and CaCO3 (r= -0.53*) with 137 Cs inventory (Table 3) . These results are agreement with the findings of Afshar et al. (2010) and Rahimi et al. (2013) in western Iran. These high statistical correlations between soil properties and 137 Cs inventory indicated that soil redistribution by wind likely control the variability of the selected soil properties along the studied transect. In other words, detachment and accumulation of some soil elements such as SOM, soil nutrients, and magnetic minerals and Cs-inventory associated with fine particles are regulated simultaneously along the transect.
The results of correlation analysis between 137 Cs inventory and magnetic parameters showed that χlf had positive significant correlation with 137 Cs (r= 0.64**) ( Figure 4a ); and also χfd had significant positive relationship with cesium-137 (r = 0.48*) in the 0-15 cm depth (Figure 4b) . Rahimi et al (2013) reported positive correlation of magnetic susceptibility with 137 Cs inventory. It is presumably attributed to that factors affecting variability of 137 Cs probably (i.e. soil redistribution by wind) controlled the variability of magnetic particles associated with fine soil particles. These results imply that soil redistribution (erosion and deposition) could likely explain the variations in magnetic susceptibly and therefore, magnetic variations have potential to be used as a proxy for soil erosion monitoring with the aim of reducing the number of 137 Cs analyses in the given study area affected by wind erosion processes. Mokhtari Karchegani et al. (2011) studied the efficacy magnetic measurements for assess soil redistribution in hilly regions of western Iran by water erosion. They reported that these measures could provide valuable information for soil redistribution in combined to other soil properties. Similar findings were obtained by Ayoubi et al. (2012) and Rahimi et al. (2013) As the equation showed, TN, clay content, χfd and sand content included in the MLR had significant effect and their combined effect could explain 87% of the total variability in the 137 Cs inventory along the transect. As measurement of 137 Cs has been identified as one of the most reliable techniques for evaluating soil redistribution, and measurement of 137 Cs is so time and cost consuming, therefore the above equation could provide valuable information about CS inventory using easily available soil data at the studied site. Afshar et al. (2010) reported that among the soil properties, total nitrogen, available phosphorus, and potassium explained 41% of the total variability in the 137 Cs inventory in western Iran.
Conclusion
The wind erosion and deposition rate was estimated along a northeast -southwest transect across the Segzi region in central Iran using the 137 Cs technique. The relationships between 137 Cs and selected soil physical and chemical properties were also examined. The 137 Cs inventory of sampling site ranged from 255 to 1312.5
Bq m -2 and wind erosion rate ranged from 3.10 to 46.98 t ha -1 yr -1 . In almost all of the sites studied (13 from 16 sites), soil erosion has occurred; and at the depositions sites the deposition rates varied from 3.1 to 7.64 t ha -1 .yr -1 . Soil erosion sites were mainly associated with gypsum mining operations and the deposition sites were mainly due to increasing plant cover.
The correlation analysis showed significant positive correlations between clay content, silt content, SOM, TN, EC, χlf, and χdf and 137 Cs inventory. Multiple linear regression analysis revealed that a combination of magnetic susceptibility and some easily measurable soil properties (e.g. total nitrogen, clay, sand) could explaining about 87% of total variability of 137 Cs, and hence these variables could be used in the future research to reduce cesium measurement to assess redistribution by wind erosion in the studied region. Overall, the results of the present study for the first time in the country show that 137 Cs can be used for estimating wind erosion; and this has significant implications for future research in this important area in the arid region of Iran.
